Introduction
What is the causal relationship between energy consumption and economic growth? It is the central question of the energy-growth nexus literature, which has been left unanswered univocally -after more than three decades of empirical research. The …rst empirical studies were stimulated by the energy crises of the 1970s (Kraft and Kraft, 1978; Akarca and Long, 1980) . More recently, interest in the causality question has gained new momentum with concerns about climate change with following proposals to limit CO 2 emissions by restricting fossil fuel consumption, with concerns about Peak Oil, and …nally with the development of new analytical techniques. It has been discussed that con ‡icting results may arise due to di¤erent time periods of the studies, countries' characteristics, variables used, and di¤erent econometric methodologies see Ozturk (2010) and Payne (2010) for an overview.
Another, even more important reason for why the evidence is so weak is the level of aggregation. To our knowledge, the bivariate study by Zachariadis (2007) is the only study which analyzed the relationship between sectoral energy consumption and sectoral GDP. Other studies focused either on sectoral energy consumption and total GDP (e.g. Bowden and Payne, 2009) or total energy consumption and sectoral GDP (e.g. Yu and Jin, 1992; Thoma, 2004) . For the U.S. Zachariadis could not …nd evidence for Granger causality at the level of the total economy, but he found evidence for short-run Granger causality at the sectoral level. In statistical analyses, it is not uncommon that evidence can be found at a lower level aggregation, although the results for the total population suggests the opposite. This phenomenon has been named 'Simpson's Paradox' after E. Simpson (1951) 1 . However, if the results for Granger causality tests are found to be dependent on the level of aggregation and not on the variables, it is necessary to analyze the causal relationship at the 'correct' level of aggregation. Otherwise, the results are spurious and policy advice should be given with caution. The paradox becomes even more severe if the pair of variables for Granger causality analyses are not matching 2 . For this reason, we will extend Zachariadis'notion of appropriate pairs for causality analyses.
The fact that sectors di¤er with respect to their relationship between energy and growth, is well known in the environmental Kuznets curve (EKC) literature: changes of the industry composition have a changing impact on the energy demands of the economy over time. In the early phases of modern economic growth, when a country industrializes, structural change is believed to increase these demands. Later on when the country enters the post-industrial phase, or the service economy, the energy demands are believed to decline (e.g. Kahn, 1979; Panayotou, 1993; Panayotou et al., 2000; Smil, 2000; Schäfer, 2005) . However, Henriques and Kander (2010) show that parts of the decline can be explained by misspeci…ed price indices. The resulting divergence between energy and economic growth is also a challenge for Granger causality analyses. In order to account for the increasing energy productivity in a Granger causality framework, we suggest to include major …ndings from the EKC literature: one major …nding is the role of the increasing energy productivity, which leads to the divergence between energy and growth. Another main …nding is the role of trade, especially for goods producing industries, where energy intensive production has been o¤shored according to the Pollution Haven Hypothesis (PHH).
For our analysis we use the recently developed autoregressive distributed lag (ARDL) bounds testing approach as proposed by Pesaran and Shin (1999) and Pesaran et al. (2001) . We analyze the evidence for long-run as well as short-run Granger causality between …nal energy consumption and GDP for the U.S. from 1970 to 2007 for the total economy, as well as for the industry sector, the commercial sector, and the transport sector. After identifying appropriate pairs of variables for the Granger causality analysis, we test bivariate as well as multivariate speci…cations of the model in order to avoid omitted variable bias. The choice of additional control variables is based on major …ndings of the EKC literature and its critical re ‡ections. We …nd evidence for longrun Granger causality in the commercial sector when energy is the dependent variable. We also …nd evidence for bi-directional Granger causality in the transport sector. Adding or removing additional control variables is found to establish or break long-run Granger causality relationships. This …nding is important especially in the transport sector, where the consideration of increasing energy productivity neutralizes the long-run relationship between energy and economic growth when output is the dependent variable. For the industry sector we …nd that controlling for trade is important for identifying short-run Granger causality when output is the dependent variable. We conclude that some of the divergence across sectors can be explained by the fundamental di¤erences between goods and service producing industries. In various speci…cations energy productivity is found to Granger cause output as well as energy. The latter is interpreted as evidence for 'Jevon's Paradox' 3 . We …nd only weak evidence for the impact of energy prices on energy consumption in the transport sector. Given the evidence of long-run Granger causality at the sectoral level, compared to the non-existence at the level of the total economy, we conclude that the Granger causality between energy and growth should only be analyzed at the sectoral level. Otherwise, results for the total economy are spurious.
The paper is organized as follows: …rst, we discuss the mixed evidence for Granger causality in the existing empirical literature. We further elaborate Zachariadis' (2007) identi…cation of appropriate pairs for causality analyses and use those pairs we regard as appropriate for the empirical analysis. We also discuss our extensions of the basic bivariate models often used in the empirical literature. Section 3 describes the econometric methodology. We investigate the causal relationship between energy consumption and economic growth in the U.S. for the period 1970-2007 and three economic sectors as well as for the total economy. Cointegration tests are based on the ARDL bounds testing procedure as proposed by Pesaran and Shin (1999) and Pesaran et al. (2001) . Afterward, we analyze the existence of long-run and short-run Granger causality. In Section 4 we discuss our …ndings and the …nal section concludes.
2. The (non-) causality between energy and GDP: mixed evidence and omitted variable bias
Ecological economists describe the economy as a subsystem of the entire ecosystem, which depends on natural resource ‡ows -especially energy (e.g. Schurr et al., 1960; Ayres and Warr, 2009) . In this environment, economic production is considered a "process of upgrading matter into highly ordered [...] structures, both physical structures and information" (Cleveland et al., 1984, p. 892 ). This upgrading is only possible with the use of energy. Consequently, ecological economists regard energy also as a crucial driver of economic growth. Stern (2011) , for example, explains the tremendous economic growth since the industrial revolution by the switch of energy scarcity to energy abundance. Given the important role which theory assigns to the relation between energy and economic growth, we should be able to observe a causal relationship or at least some correlation between energy consumption and economic growth from historical data. However, the empirical evidence from the energy-growth literature is rather mixed and weak. , 1949-2009 (1949=1) ; solid line represents constant energy e¢ ciency. After the oil crisis in the late 1970s there is a drop-back of energy consumption, while GDP remains almost constant. At the beginning of the 1980s, the slope is continuously increasing with another drop-back in the late 1990s. The …gure indicates that studies covering this early period should be more likely to …nd evidence for a relationship between energy consumption and growth, while later studies have to deal with the increasing energy e¢ ciency. In the EKC literature, the increasing energy e¢ ciency at the level of the total economy is also known as the de-coupling between energy and economic growth. As the theory of the EKC assumes that the development of energy-related parameters is invertedly U-shaped with respect to increasing income per capita, it describes a non-linear relationship between income and energy-related parameters.
A shortcoming of the energy-growth literature is the underlying assumption of the same relationship between energy and economic growth over time. Causality is either running from energy to growth ('growth'), from growth to energy ('conservation'), is bi-directional ('feedback') or absent ('neutrality'). An obvious solution to account for the, in fact, nonmonotonic development of the energy-growth relation is to control for (several) structural breaks. However, recent empirical results show that the reason for the divergence is more fundamental and should be elaborated in more detail. In a multi-sectoral bivariate analysis, Zachariadis (2007) found no evidence for short-run Granger causality at the level of the total economy, but for the commercial as well as for the transport sector. Fig. A .4.1-A.4 .3 indicate why the results di¤er across the three sectors -industry, commercial, as well as transport 4 -and why the results for the total economy are poorly related to the evidence at the sectoral level. The …gures show the same plot as in Fig. 1 , but with the development of sectoral value added relative to the development of sectoral energy consumption. We …nd an increasing energy e¢ ciency in all sectors. However, the scales di¤er so that the increase in energy e¢ ciency is sector-speci…c. We will later argue that the increasing energy productivity of the capital stock explains large parts of the divergence. In the industry sector, in addition, we …nd an almost arbritary development of energy and value added, which makes an in-depth investigation necessary. We assume that the separability of the value added chain of goods producing industries explains parts of the divergence. However, before the discussion of the sector-speci…c developments, we review the energy-growth literature, which has been published for the U.S 5 . We suggest that the identi…cation of (in-) appropriate pairs of variables helps to better integrate the various approaches and results form the energy-growth literature.
Appropriate (pairs of ) variables for causality analyses
In the energy-growth literature we …nd a consensus rather in methodological terms than with respect to the choice of similar pairs of variables. Zachariadis (2007) suggests "to select appropriate pairs of energy and economic variables (and the corresponding additional variables in multivariate models) in order to ensure that causality test results will be meaningful. In this respect one can observe in several causality studies that the pairs of variables are not matching. [...] Since the energy and economy variables in such cases do not cover the same area of economic activity or are sometimes expressed in di¤erent units [...] , it is questionable whether profound policy implications can be deduced from their results" (Zachariadis, 2007 (Zachariadis, , p. 1238 . Accordingly, the results from di¤erent studies are ambiguous only at …rst sight given that they are based on various combinations of di¤erent variables. Disaggregating the studies with respect to the parameters used for causality analyses clari…es that results inevitably di¤er among the studies. In the light of the numerous combinations of pairs of variables, we select the most common pair as a reference model, namely total (…nal) energy consumption (measured in thermal equivalents) and total GDP in constant prices 6 . This pair has been adapted in the studies by Kraft and Kraft (1978) , Akarca and Long (1980) , Abosedra and Baghestani (1991) , Yu and Hwang (1984) , Yu and Choi (1985) , Cheng (1995) , Zarnikau (1996) , Soytas and Sari (2003) , Soytas et al. (2007) , and Chiou-Wei et al. (2008) (see also Table A.1 in the Appendix). None of these studies using GDP as a measure for output …nds evidence for long-run Granger causality in either direction 7 .
2.1.1. Total energy consumption or consumption of single resources? Instead of total energy consumption, another branch of the empirical literature selects single (groups of) energy sources together with total GDP as a pair for causality analyses. Sari et al. (2008) use single energy sources, Murry and Nan (1994) as well as Narayan and Prasad (2008) use electricity, Thoma (2004) uses (sectoral) electricity consumption together with an industry production index, Bowden and Payne (2009) (Fig. A.1 ). While natural gas, renewables, as well as petrol grow moderately by a factor of 4, electricity grew by a factor of 12. The consumption of coal dropped almost to zero. At …rst sight, the high increase of electricity consumption suggests that electricity is an important 'partner'variable for a causality analysis with total GDP. But is the consumption of electricity also a relevant determinant in terms of its share in total energy consumption? Fig.  A.2 shows the share of each energy source in total energy consumption. It is evident that energy consumption is dominated by the consumption of petrol and natural gas. The quantitative share of coal went down from about 37% and is almost negligible today. Although Fig. A.1 suggested that the consumption of electricity as well as the consumption of renewable energy carriers is continuously growing, both variables are almost negligible with respect to their market shares. In such cases, one should be aware that a causality analysis with, e.g., electricity consumption as a 'partner'variable, accounts only for 10% of total energy consumption.
Moreover, Marchetti (1977) showed that energy sources are subject to substitution over time. In a causality analysis framework the selection of single energy sources then inevitably leads to a distortion of the results: the increase or decrease of a single resource is not necessarily related to economic growth, especially if an emerging gap in energy supply is …lled by another resource. Bowden and Payne (2009) use primary energy consumption instead of …nal energy consumption, which excludes the consumption of (secondary) electricity 8 . As the consumption of electricity, however, was one of the main drivers of the increase of total (…nal) energy consumption, there is reason to be skeptical about the appropriateness of choosing primary energy consumption and total GDP as a pair of variables. Accordingly, we assume that only the sum of all energy sources is an appropriate variable for an energy-growth causality analysis. 6 Note that, before 1991, GNP was the primary measure of output in the U.S. As GNP de…nes its scope according to ownership (not location), there is a mismatch with the energy statistics, because the o¢ cial measure of energy consumption accounts only for energy consumed within the borders in the U.S. Accordingly, GNP (but not GDP) can change without necessarily a¤ecting the amount of energy consumption and vice versa (see also OTA, 1990) .
7 Kraft and Kraft (1978) , Akarca and Long (1980) , and Abosedra and Baghestani (1991) use GNP instead of GDP. Moreover, Akarka and Long conclude that the results found by Kraft and Kraft sensitively depend on the time period. Zarnikau (1996) analyzes 'instantaneous Granger causality' (see Section 3.4). Finally, Stern (1993) chooses primary (which excludes electricity) instead of …nal energy consumption. 8 Primary energy denotes energy embodied in natural resources whereas secondary energy comes from the transformation of primary or secondary energy (see OECD/IEA/Eurostat, Energy Statistics Manual, Paris, 2005).
Total GDP or other output indices?
Several empirical studies use GDP per capita (Soytas and Sari, 2006; Chontanawat et al., 2006 Chontanawat et al., , 2008 or an industry production index (Yu and Jin, 1992; Thoma, 2004; Sari et al., 2008) instead of total GDP. Fig. A.3 shows the development of GDP, GDP per capita, industry value added 9 , and total energy consumption. It shows an increasing gap between GDP and total energy consumption, while the development of the industry production index and GDP per capita is much closer to total energy consumption. However, GDP per capita as well as the industry production index do not cover the same scope of economic activity. While total energy consumption covers, in sum, four sectors (residential, industry, transport, and commerce), the industry production index of output accounts only for about 30% of economic activity. Accordingly, the results found for the industry production index as well as per capita GDP, are very speci…c and should not be mixed with the results found for total GDP 10 . Therefore, if total energy consumption is used as variable in a causality analysis, we assume that only total GDP covers the same scope of economic activity and should be preferred for a variable pair.
Thermal equivalents or energy quality indices?
Instead of thermal equivalents, a number of studies (Stern, 1993; Zarnikau, 1996; Stern, 2000) use a discrete approximation of the Divisia index as suggested by Berndt (1978) . Warr and Ayres (2010) use exergy instead of energy, which has been proposed by Ayres and Martinas (1995) and Ayres et al. (1996) .
The simplest form of aggregation is to add up the individual variables according to their thermal equivalents. The thermal equivalent approach is advantageous because it uses a simple and wellde…ned accounting system based on the conservation of energy and the fact that thermal equivalents are easily and uncontroversially measured. Most methods of energy aggregation in economics and ecology are based on this approach (see Cleveland et al., 2000) . Schurr et al. (1960) emphasize the economic importance of energy quality. They argue that weighting energy use for changes in the composition of energy input is important because a large part of the growth e¤ects of energy are due to substitution of higher quality energy sources such as electricity for lower quality energy sources such as coal. It is generally believed that electricity is the highest quality type of energy followed by natural gas, oil, coal, and wood and biofuels in descending order of quality. This is re ‡ected by the typical prices of these fuels per unit of energy. The discrete approximation to the Divisia index, as suggested by Berndt (1978) , is based on the idea that the price paid for a certain unit of an energy source is a proxy for its quality 11 . The problem is that the weight of each energy source critically depends on the 'correct' price, which may not correctly re ‡ect the marginal product of each energy source (Kaufmann, 1994) . Hong (1983) and Zarnikau (1996; 1999) demonstrated that the application of the Divisia index and thermal equivalents leads to di¤erent conclusions regarding trends in energy-output ratios for the U.S. economy. Divisia energy indices for U.S. industrial and residential energy consumption have grown much faster than heating value energy aggregates. This divergence is the result of an increasing electri…cation and price-related factors.
The results from the exergy approach used in the empirical study by Warr and Ayres (2010) lack in compatibility. So far, this approach has not been applied in other studies, particularly due to the high complexity of calculation. In this study we use the aggregation of energy sources according to their thermal equivalents. We also share Kaufmann's skepticism about prices being a good proxy for the economic usefulness of energy sources as discussed above.
Sector level or level of the total economy?
Recent studies investigate the causality between energy consumption and economic growth at the sectoral level. Based on the ARDL bounds testing procedure as proposed by Pesaran and Shin (1999) and Pesaran et al. (2001) , Zachariadis (2007) …nds evidence for short-run Granger causality running from economic growth to energy for the commercial sector as well as for the transport sector. However, for the transport sector, Zachariadis uses total GDP and …nal energy consumption as a pair of variables. In our view, this choice is not appropriate, because the share of value added of the transport sector in total GDP is almost negligible. Thus, the scope of economic activity covered by total GDP does not correspond to the scope of economic activity covered by the energy consumption of the transport sector. A more technical reason for the mismatch of both variables is the fact that the price index of total GDP does not correspond to the price index of transport value added.
Bowden and Payne (2009) take the sectoral (…nal) energy consumption and total GDP as a pair of variables. Similar to the case of Zachariadis'analysis, there is a mismatch between the level of economic activity when total GDP is paired with the sectoral level of energy consumption.
To sum up, we consider …nal energy consumption (measured in thermal equivalents) and economic growth at the sectoral level an appropriate pair of variables for our causality analysis. Moreover, we assume that a multivariate causality analysis should be preferred to a bivariate approach in order to avoid omitted variable bias. The choice of control variables is based on major …ndings from the EKC literature as well as its critical re ‡ections and will be discussed in the following. Fig. 1 indicated an increasing divergence between economic growth and energy consumption. Despite the di¤erent scales in each sector, this …nding is evident both for the total economy as well as for the three sectors. Technological advances are typically incorporated to the economy through investment (Baily et al., 1981) . When old capital goods get less and less (energy) e¢ cient over time, …rms are likely to scrap them. Since new vintages are less energy consuming, …rms may decide to replace the oldest and less e¢ cient machinery. Since di¤erent vintages of capital goods coexist, there should be a smooth increase of the capital to energy ratio over time. Evidence for correlation between the energy e¢ ciency of production and the ratio of capital and energy consumption was found by Wang (2007) and Wang (2011) . The assumption of complementarity between capital goods and energy consumption is consistent with the empirical evidence put forward by Hudson and Jorgenson (1974) , or Berndt and Wood (1975) .
Energy productivity of the capital stock
Including the capital to energy ratio in the analysis provides a direct measure of changes in energy productivity embodied in the newly produced capital goods. In our view, any neglect of the role of energy productivity would inevitably lead to an undervaluation of the role of energy consumption for economic growth and vice versa 12 . Also implications from Granger causality tests are eventually misleading if the increasing energy productivity of the capital stock is not considered 13 . In order to account for price induced replacements of the capital stock, we also suggest to control for the average energy price paid for in each sector.
Goods, services, and international trade
While accounting for the capital to energy ratio enables us to control for the increasing energy productivity, Fig. A.4 .1, in addition, reveals a seemingly arbitrary development starting in the mid 1970s, by which only the industry sector is a¤ected. A fundamental di¤erence among the three sectors is the degress to which the production chain can be separated. The industry sector is a goods producing sector, while both transportation as well as the commercial sector provide services. The production process of services is inseparable and must necessarily -apart from a few exceptions -be provided in the home country. In the case of the goods producing industry sector the production process can be separated and parts of the value added chain can be o¤shored to foreign countries. In the home country, the separability of the production of goods a¤ects the relationship between energy and growth in two ways: (1) the import of intermediate goods distorts the price level of national statistics via an imprecise calculation of the Producer's Price Index (PPI), which leads to an overvaluation of value added in the industry sector. (2) The indirect amount of energy consumption associated with non-energy (intermediate) imports is not accounted for in national statistics (e.g. from the BEA). This leads to an underestimation of the energy associated with the production of …nal goods within the borders of the U.S.
Regarding the biased intermediate input price index, Houseman et al. (2010) argue that the dramatic acceleration of imports from developing countries is imparting a signi…cant bias to o¢ cial statistics: Yeats (2001) found that 30% of world trade in manufacturing are intermediate inputs. Bardhan and Ja¤ee (2004) found that intermediate inputs represent 37 to 38% in the imports to the US for years 1992 and 1997, whereas the percentage of intra…rm trade grew from 43% in 1992 to 52% in 1997. Price declines associated with the shift to lowcost foreign suppliers generally are not captured in price indices. Thus, the de ‡ation of current value added also necessitates an adjustment for the value of imported intermediate inputs whose price changes might not be accurately re ‡ected in de ‡ators based on domestic products, such as the PPI (see also OTA, 1990) . The bias of the input price index will be proportional to the share captured by low-cost suppliers and the percentage discount o¤ered by the low-cost suppliers (Diewert and Nakamura, 2009) . If growth in the input price index is overstated, productivity and real value added will also be overstated.
Regarding the neglect of indirect energy consumption, The O¢ ce of Technology Assessment (1990) estimates that to assemble all of the motor vehicles made in 1985 requires more than …ve times higher indirect energy consumption than direct energy consumption. The "division between direct and indirect energy use is especially appropriate when the energy associated with international trade is considered. [...] Nevertheless, as production networks continue to extend beyond a country's borders, the inclusion of the indirect energy embodied in the trade of nonenergy products is increasingly important in calculating a country's total energy use" (OTA, 1990, p. 3) . In the context of the EKC, Suri and Chapman (1998) show that industrialized countries have been able to reduce their energy requirements by importing (intermediate) manufactured goods. Once openness -measured as the trade to GDP ratio -is controlled for, Suri and Chapman can explain large parts of the downward slope of the EKC.
Incentives for o¤shoring of energy-intensive production have also been investigated in the EKC literature: the PHH states that di¤erences in environmental regulations between developed and developing countries may be compounding a general shift away from industry production in the developed world and causing developing countries to specialize in the most pollution intensive industry sectors. Since the costs of meeting environmental regulations are undoubtedly far lower in most developing countries than in developed countries, it is possible that developing countries may possess a comparative advantage in pollution-intensive production (see Cole, 2004 for an overview). As a consequence, trade liberalization or openness (Harrison, 1996) will lead to more rapid growth of pollution intensive industries in less developed economies (Tobey, 1990; Rock, 1996) . Several studies could not …nd empirical evidence for o¤shoring of pollution (see Aguayo and Gallagher, 2005; Kander and Lindmark, 2006; Levinson, 2010) . Accordingly, we restrict our interpretation of the implications from the PHH to the o¤shoring of energy consumption -not necessarily pollution -to foreign countries.
In order to control for the biased input price index as well as the neglect of indirect energy 8 consumption, we suggest to account for trade in our causality analysis. It allows us to control for the total energy consumption (here de…ned as the sum of direct and indirect …nal energy consumption) needed for the production of …nal goods within the borders of the U.S. Although the growth of the U.S. industry sector is not directly a¤ected by (shortages in) the energy supply in exporting nations, the production chain in the U.S. sensitively depends on the availability of intermediate manufactured goods from exporting nations. Accordingly, the internalization of the indirect energy consumption related to the production of …nal goods in the U.S. is, in our view, necessary to be included in the following empirical analysis.
Data and econometric methodology
For the analysis of cointegration between energy consumption and economic growth, we use the ARDL bounds testing procedure recently developed by Pesaran and Shin (1999) and Pesaran et al. (2001) . There are several advantages of the ARDL approach over alternatives such as those suggested by Engle and Granger (1987) and Johansen and Juselius (1990) . (1) Here, it is not a prerequisite to examine the non-stationarity property and order of integration of the variables; (2) bounds tests produce robust results also for small sample sizes like the present one (Pesaran and Shin, 1999) and (3) empirical studies have established that energy market-related variables are either integrated of order 1 [I (1)] or I(0) in nature and one can rarely confronted with I(2) series (Narayan and Smyth, 2007, 2008) , justifying the application of ARDL for our analysis (see also Ghosh, 2009 ). Narayan (2005) added tables with critical F values for sample size ranging from 30 to 80 in the tables provided by Pesaran and Shin. As our sample size is within this range, we will use the critical values provided by Narayan. The ARDL bounds testing procedure involves three steps: (1) we conduct a Phillips-Perron test to ensure that the variables are not I (2), (2) we apply an unrestricted error correction model (ECM) to test for cointegration among the variables. If evidence for a long-run relationship can be found, we calculate an error correction term (ECT), which contains information about the long-run relationship 14 . (3) We examine the existence of long-run ('strong') and short-run ('weak') Granger causality in an restricted ECM. This test provides information about a long-run relationship as well as short-run dynamics.
Data description
Data on GDP as well as sectoral value added are provided by the BEA for the U.S. and cover the period from 1970 to 2007 15 . We used sector-speci…c value added de ‡ators for sectoral value added and a GDP de ‡ator for total GDP to transform the output measure into constant prices. The de ‡ators are provided by the same source. The NAICS-based data on value added are available for three sectors -industry (including agriculture, mining, manufacturing), commerce (wholesale trade, retail trade, information, …nance, insurance, real estate, rental and leasing, professional and business services, educational services, health care and social assistance, arts, entertainment, recreation, accommodation and food services, and government), as well as transport (transportation and warehousing). The energy input is measured as …nal (sectoral) energy consumption in Btu. Energy data are provided by the U.S. Energy Information Administration and cover the same sectors as the output data. Data on average sectoral (constant) energy prices are provided by the same source. Trade is approximated by the import penetration rate in constant prices. It is measured as the ratio between imports and domestic demand. It shows to what degree domestic demand is satis…ed by imports. The data provided by the OECD allows to di¤erentiate between import .064 -3.253** Notes. ***, **, * denotes 1%, 5%, 10% level of signi…cance penetration of goods and import penetration of services. We chose import penetration of goods as a proxy for trade in the industry sector and import penetration of services for the commercial sector. As the task of transportation cannot be separated or o¤shored, we assume that trade does not have to be controlled for the in the transport sector 16 . The capital to energy ratio is calculated from the EU-KLEMS data base as the real …xed capital stock divided by energy consumption. The data are also NAICS-based and selected for the same industries as described above. The real …xed capital stock is calculated in constant prices and includes all assets, except for software. We did this recalculation in order to circumvent valuation problems related to intangible assets. Let Y , EC, EP , CAP and T RADE represent output (GDP in the case of the total economy and value added in the case of the sectors), …nal energy consumption, energy price, capital to energy ratio and trade. All variables have been transformed to logs.
Stationarity
Although the ARDL modelling approach does not require unit root tests to test whether all variables are I(0) or I(1), it is important to conduct the unit root test in order to ensure that no variable is I(2) or higher. If a variable is found to be I(2), then the critical F-statistics, as computed by Pesaran et al. (2001) and Narayan (2005) , are no longer valid. For stationarity tests we use the semi-parametric Philips-Perron test, as proposed by Phillips and Perron (1988) . The results of the stationarity tests (see Table 2 ) show that most of the variables are non-stationary at level. After di¤erencing the variables once, all variables are con…rmed to be stationary. As non of the variables is integrated of order two, the ARDL bounds procedure can be used to examine the existence of a long-run relationship in the following step.
Cointegration
The notation of a multivariate unrestricted ECM in …rst log-di¤erences for the ARDL (p; q 1 :::; q n ) bounds approach with two regressors is: 
Notes. x = Y; y = EC for causality running from EC to Y and x = EC, y = Y vice versa; x 6 = y.
The residual term, u, is assumed to be a white noise error process. The model is tested for i = Total economy, Industry, Commercial, and Transport. C is a place holder for a control variable. Depending on the model speci…cation (see Table 3 ) we use one explanatory variable and up to three control variables. In the bivariate case, the individual lag length of Y it and EC it is denoted by p and q 1 , respectively. In the multivariate case, the lag length of C it is denoted by q 1 . The optimal lag order is selected following the minimum values of the Bayesian information criterion (BIC). According to Pesaran et al. (2001) , the BIC is generally used in preference to other criteria because it tends to de…ne more parsimonious speci…cations. Using as an intercept term in …rst di¤erences allows the estimation of a deterministic trend in the levels of the variables. In the bivariate case, the null hypothesis of 'no long-run relationship' is tested with the aid of an F-test of the joint signi…cance of the lagged level coe¢ cients: H 0 : = = 0 against H 1 : 6 = 6 = 0. In the multivariate case, the null hypothesis of 'no long-run relationship' is: H 0 : = = = 0 against H 1 : 6 = 6 = 6 = 0. As long as it can be assumed that the error term u t is a white noise process, or is stationary and independent of EC it , EC it 1 , and Y it , Y it 1 (and C it , C it 1 in the multivariate case), the ARDL models can be estimated consistently by ordinary least squares. The null hypothesis of no cointegration will be rejected provided the upper critical bound is less than the computed F-statistic. Finally, there will be no decision about cointegration if the computed F-statistics is between lower and upper critical bounds. In order to test the reversed cointegration relationship between EC and Y , the unrestricted ECM model is tested with EC it as the dependent variable and Y it as the forcing variable in the bivariate case. In the multivariate case, the cointegrating relationship between EC, Y and C if Y and C are the forcing variables is tested with EC t as the dependent variable.
In case we reject the null hypothesis of no cointegration in Eq. We estimate the unrestricted ECM for various combinations of forcing variables, as summerized in Tests are conducted for the total economy, the industry sector, the commercial sector, as well as the transport sector. Given the large number of model speci…cations we will, in an intermediate step, select those models for which we …nd evidence for cointegration and which minimize the BIC. We will also include the basic Model A as a reference model.
Long-run and short-run Granger causality
Having found that there exists a long-run relationship between the variables, the next step is to test for the existence of Granger causality between the variables. Engle and Granger (1987) showed that if the series X and Y are individually I(1) and cointegrated then there would be a causal relationship at least in one direction. A time series (X) is then said to Granger-cause another time series (Y ) if the prediction error of current Y declines by using past values of X in addition to past values of Y . This concept of causality is generally accepted in the energygrowth literature. However, we are aware of Zellner's (1979) objection to the concept of Granger causality 17 . Concerning Zellner's objection to the atheoretical approach of Granger causality, we suggest to include well-established …ndings from the EKC literature. In order to test for Granger long-run and Granger short-run causality in the bivariate case, we run an restricted ECM of Y on b , EC, (p 1)-lagged Y 's and (q 1 1)-lagged EC's. In the multivariate case, we run additional tests on the (q 2 1)-lagged C's according to
The coe¢ cient of the ECT is a measure of long-run Granger causality between Y and EC (and C). The null hypothesis of no long-run Granger causality is: H 0 : = 0 against H 1 : 6 = 0: If no long-run relationship between Y and EC (and C) has been found in Eq. (1), we test the same model with [ it 1 = 0 (see Ghosh, 2009 ). An F test on the (q 1 1)-lagged EC indicates the signi…cance of short-run Granger causality between Y and EC. Analogously, an F test on the (q 2 1)-lagged C's indicates the signi…cance of Granger short-run causality between Y and C. Hence, the null hypothesis that EC does not Granger-cause Y in the short run is H 0 : j = 0 against H 1 : j 6 = 0. The null hypothesis that C does not Granger-cause Y in the short run is H 0 : ! j = 0 against H 1 : ! j 6 = 0. In contrast to long-run Granger causality, short-run Granger causality is a measure for weak Granger causality. As it is only a test on the joint signi…cance of the (q 1)-lagged di¤erences of the explanatory variables, any long-run information is removed. In addition, Eq. (2) also contains a contemporaneous term of the explanatory variable(s). When the contemporaneous term is included, one seeks to determine whether relationships can be determined 'simultaneously'(i.e., at a higher frequency than reported in the dataset) as opposed to any of the variables leading the other 18 . In order to test both the long-run and short run Granger causality from Y (and C) to EC, the restricted model is tested with EC it as the dependent variable. Narayan (2005) are presented in Table A4 .
Empirical results and discussion

Results of the cointegration tests and model selection
The results for the bounds cointegration test are reported in Table 4 . The corresponding lag lengths are shown in Table A .2. We tested the model for a minimum lag order of null and a maximum lag order of three.
Total economy
For the total economy, we cannot …nd evidence for cointegration. This is because the corresponding F-Tests on the lagged levels of the explanatory variables are lower than the upper bound critical values reported by Narayan (2005) , see Table A .4. Thus, there exists no long-run relationship between energy consumption and growth at the level of the total economy. As no long-run relationship between energy and output exists in either direction, we also cannot calculate an ECT from the regression results. In order to investigate the short-run dynamics, we will run an restricted ECM on Model A in the next step.
Industry sector
There is no evidence for cointegration between energy and growth in the industry sector. Despite the inclusion of control variables, the relative development of both variables (see Fig. A.4 .1) is too random for the identi…cation of a long-run relationships. Model B 3 minimizes the BIC when output is the dependent variable and Model B 2 minimizes the BIC when energy is the dependent variable. These models will be tested for the existence of short-run dynamics in addition to the basic Model A. This intermediate result indicates that it is important to allow for di¤erent sets of explanatory variables, because output seems to be better explained by trade (in addition to energy), while energy seems to be better explained if the capital to energy ratio is added to the basic model.
Commercial sector
We …nd evidence for cointegration in the commercial sector (Model B 2 , C 3 ) when energy is the dependent variable. This is because the corresponding F-Tests on the lagged levels of the explanatory variables are higher than the corresponding upper bound critical values. We cannot …nd evidence for cointegration if energy is the dependent variable. Accordingly, the long-run relationship in the commercial sector is forced rather by economic growth than by the use of energy. This result is a common result, because the growth of the commercial sector has been driven rather by its high degree of employment 19 . From an econometric point of view, the result of uni-directional cointegration is not unusual, because mutual cointegration is not necessarily evident in the multivariate case. As Model B 2 minimizes the BIC when energy is the depending variable, we will also run an restricted ECM on this speci…cation.
Transport sector
For the transport sector, we …nd evidence for cointegration when output is the dependent variable (Model A) as well as when energy is the dependent variable (Model A, B 1 , B 2 , C 1 ). Interestingly, we …nd only evidence for mutual cointegration in the bivariate case. Once the energy price and / or energy productivity is controlled for, the long-run relationship breaks when output is the dependent variable. This result indicates that the causal relationship between energy consumption and economic growth is not at all carved in stone, but can be broken up by e¤orts to increase the energy productivity of the capital stock and the development of energy prices. The comparison with the other sectors shows that the 'neutralization'of the cointegrating relationship can only be achieved in the transport sector. A possible interpretation of this evidence can be deducted from the fundamental di¤erence between the transport sector and the other sectors: the production process of the transport sector is inseparable and highly energy intensive. On the one hand, there is not the opportunity of o¤shoring like in the case of the industry sector, which could have distorted the relationship before. Accordingly, changes in energy prices and improvements of the capital to energy ratio immediately a¤ect the energy-growth relationship without any chance of elusion like in the industry sector. On the other hand, energy is an essential factor input in the transport sector. Compared to the labor intensive commercial sector, developments a¤ecting the energy input thus have a stronger impact on the energy-growth relationship.
To sum up, the results of the cointegration tests emphasize the need to disaggregate the relationship between energy consumption and growth. The results from the cointegration tests at the level of the total economy 'hides'the evidence we …nd at the sectoral level ('Simpson's Paradox'). Once the long-term relationships have been established we will test the selected models for evidence for long-run as well as short-run Granger causality in the next step.
Results of the long-run and short-run Granger causality tests
The results for the long-run and short-run Granger causality tests are reported in Table 5 . The corresponding lag lengths are shown in Table A .3.
Total Economy
For reasons discussed above we excluded the ECT from the estimation of the restricted ECM. Accordingly, we conclude that there is also no evidence for long-run Granger causality in either direction. Concerning the results for short-run Granger causality, the F-Tests on the (q 1)-lagged explanatory variables show evidence for bi-directional Granger causality. The values in parentheses show the estimated regression coe¢ cient for the (q 1)-lagged explanatory variables. It shows that the mutual impact is positive, whereas growth has a stronger e¤ect on energy consumption than the other way around.
Industry sector
We …nd evidence for bi-directional short-run Granger causality in the industry sector for Model A. However, the value of the BIC indicates that the …t of the model can be improved if we control for trade, when output is the dependent variable (Model B 3 ). In this case, the positive e¤ect of energy consumption on growth is almost halved and distributed among energy consumption and trade. The fact that Model B 3 has a better …t, leads us to the conclusion that controlling for trade explains economic growth better than (direct) energy consumption alone 20 . Then, both the direct as well as the indirect amount of energy consumption incorporated in non-energy inputs Granger causes industry output in the short run. So far, policy implications derived from causality analyses have focused mainly on isolated energy policies in the home country. However, as the indirect amount of energy consumption also Granger causes growth, it becomes important for the importing country to internalize energy policies of exporting nations. If, for example, the U.S. government is willing to accept stricter environmental conditions -because its own industry sector has o¤shored energy-intensive parts of the value added chain -it does not necessarily have an incentive to advocate equal standards for all countries. This is especially the case for those countries with a comparative advantage in energy-intensive production. Otherwise, too strict regulations for exporting nations could also have a feedback e¤ect on growth in the U.S.
When energy is the dependent variable, the …t of the basic model can be improved if we control for the capital to energy ratio (Model B 2 ). The estimates for the regression coe¢ cients indicate that the sign of the e¤ect of energy productivity depends on the lag length. In t the e¤ect of an increase in the capital to energy ratio is negative, while the e¤ect is positive in t 1. Thus, we cannot conclude whether the overall e¤ect is more likely to be positive or negative. The empirical …nding that technological progress positively a¤ects the consumption of energy is known as the 'rebound e¤ect'and was …rst discovered by William S. Jevons in 1864. In case we control for the capital to energy ratio, we cannot …nd evidence for short-run Granger causality between energy and output any more. This …nding indicates that the e¤ect of growth on energy consumption is not as strong as suggested in Model A. We argued before that, due to the separability of the production process in the industry sector, there are opportunities for bypassing an equal increase in energy consumption if output grows.
Commercial sector
For the basic model we cannot …nd evidence for Granger causality, both in the long run as well as in the short run. Accordingly, we …nd evidence for the neutrality hypothesis on all levels of investigation. The neutrality between energy consumption and growth supports our assumption that the transformation of the sectoral composition of the economy is one of the key elements, which distorts the evidence for Granger causality at the level of the total economy. As the commercial sector is the only sector, which has continuously grown over the last decades, the total economy is increasingly dominated by the commercial sector with respect its share in total GDP. As the growth in the commercial sector is neutral with respect to its energy consumption, there is no equal growth with respect to energy. Altogether, the results indicate that the tertiarization of the economy can be considered one of the reasons why Granger causality tests at the level of the total economy tend to understate the evidence of Granger causality at the sector level.
The …t of the basic model can be marginally increased if we add energy saving technological progress as a control variable (Model B 2 ) when output is the dependent variable. We …nd that energy consumption and the capital to energy ratio Granger-cause growth in the short run. This result indicates that it is rather the replacement of the least energy e¢ cient capital stock than the increase in absolute amounts of energy consumption, which is necessary for growth in the commercial sector.
In case energy is the dependent variable, the ECT is signi…cant at the 1% level, which indicates long-run Granger causality if the capital to energy ratio (Model B 2 ) and, in addition, trade (Model C 3 ) is added to the basic model. The coe¢ cient of the ECT indicates a low speed of adjustment to shocks to the forcing variables (13.7 years in Model B 2 ; 12.1 years in Model C 3 ). This …nding may be related to the complex and immobile energy infrastructure in the commercial sector. The main energy source consumed in the service serctor is electricity, which necessitates the installation of a complex electricity system. Comparing Model B 2 and C 3 , the inclusion of trade does not improve the …t of Model B 2 , which corresponds to the results from Amiti and Wei (2009) 21 . The e¤ect of trade on energy consumption is marginally negative. Concerning the short-run Granger causality between the capital to energy ratio, we also …nd evidence for the rebound e¤ect in both models. However, the e¤ect is smaller than in the industry sector. Although the amount of energy consumption in the commercial sector is comparatively low, our …nding suggests that the steady growth of the commercial sector will also raise the energy consumption in the future. As a consequence, the commercial sector may become more dependent on energy.
Transport sector
We …nd evidence for bi-directional long-run as well as short-run Granger causality in the transport sector (Model A). The coe¢ cient of the ECT shows that the speed of adjustment to exogenous shocks to the forcing variables is much higher than in the commercial sector. Output adjusts to the long-run relationship after 3.5 years, while energy returns to the long-run relationship after 5.8 years. The estimates for the short-run coe¢ cients con…rm that growth in the transport sector strongly depends on energy consumption. In case energy is the dependent variable, the …t of the model can be improved if the capital to energy ratio is included (Model B 2 ). Again, we …nd weak evidence for the rebound e¤ect, because the e¤ect of increasing energy productivity on energy consumption is not negative throughout. We also …nd evidence for cointegration if energy prices are included (Model B 1 , C 1 ), although the …t of the Models B 1 and C 1 is not improved compared to Models A and B 2 . We interpret this …nding as weak evidence for the dependence of energy consumption on the development of energy prices. However, it is remarkable that energy prices seem to accelerate the recovery of energy consumption after a shock to output (3.3 years in Model B 1 , while the capital to energy ratio slows down the recovery (7.5 years in Model B 2 ; 7.6 years in Model C 1 ).
Conclusion
We examined the Granger causal relationship between energy consumption and economic growth in the U.S. for the period from 1970 to 2007 for the total economy as well as for the industry sector, the commercial sector, and the transport sector. For our analysis we used the recently developed ARDL bounds testing approach as proposed by Pesaran and Shin (1999) and Pesaran et al. (2001) .
Our paper contributes to the literature in several ways: (1) based on Zachariadis (2007) , we analyze the existing energy-growth literature for the U.S. with respect to the choice of appropriate variable pairs for causality analyses and discuss why the evidence is ambiguous. We conclude that only sectoral value added together with sectoral …nal energy consumption covers the same scope of economic activity and that the sector level should be preferred to the level of the total economy. (2) We also emphasize the fundamental di¤erences between goods and service producing industries and its implications for the energy-growth relationship in each sector. We argue that, due to the inseparability of the production chain of service producing industries, there exists a closer relationship between energy and growth than in goods producing industries. As the energy intensive production of intermediate goods can be o¤shored to developing countries with lower environmental regulations, the relationship between industry value added (accounted for in national statistics) and energy consumption (whereas the indirect consumption of energy is not accounted for) is weaker. (3) We combine the well-established methodology from the energy-growth literature with major …ndings from the EKC literature as well as its critical re ‡ections. We show that augmenting the basic bivariate model with control variables for trade and energy productivity signi…cantly improves the …t of several model speci…cations. (4) We …nd that Granger causality between energy consumption and economic growth are not always forced by the same (control) variables. This is the case when we do not …nd cointegration or the BIC is not minized for the same model where energy and growth are the dependent variables.
In contrast to most bivariate analyses at the level of the total economy, we conclude that the causal relationship between energy consumption and economic growth is much closer than is normally assumed. Our results con…rm that long-run Granger causality between energy consumption and economic growth can rather be found at the sectoral level. We …nd evidence for bi-directional long-run Granger causality in the transport sector. However, once the increasing energy productivity of the capital stock is controlled for, the relationship breaks. In the commercial sector we …nd evidence for long-run Granger causality from growth to energy consumption, if energy productivity is controlled for. The fundamental di¤erence between goods and service producing industries also shows the di¤erential impact of trade on the energy-growth relationship. Once trade is controlled for, we …nd evidence for short-run Granger causality running from energy consumption and trade to growth in the industry sector.
Concerning the implications, which can be drawn from the results, we strongly recommend the choice of an appropriate level of aggregation for Granger causality analyses in the energy-growth literature. If evidence for Granger causality cannot be found at the level of the total economy, the implication that no causality exists at all is myopic ('Simpson's Paradox'). Even though no evidence for long-run Granger causality can be found at the level of the total economy, policies which aim at the reduction of energy consumption could, in fact, a¤ect individual sectors, both in the long run as well as in the short run. International policies which aim at stricter environmental regulations for developing countries would also indirectly a¤ect the home country if the indirect consumption of energy is not internalized. Finally, the long-run relationship between energy and growth is not carved in stone. We show that e¤orts to increase the energy productivity of the capital stock allow to disintegrate the long-run relationship between energy consumption and economic growth in the transport sector. As long as the 'rebound e¤ect'of increasing energy productivity does not outweigh the conservation of energy, a de-coupling between energy consumption and economic growth is possible. However, for this purpose we have to be aware of the 'real'relationship between energy consumption and growth, which tends to be undervalued in inappropriate model speci…cations. ( 1 0 ( 1 
